A double-walled nanotube is modeled in which the outer nanotube was chemically modified with n-propyl groups. Molecular dynamics simulations demonstrate that the Young's modulus of this system decreases with the degree of functionalization of the outer nanotube. Molecular dynamics simulations of nanotube pull-out also predict that functionalization impedes the slippage of nanotubes during telescopic motion.
Introduction
The use of chemically modified (functionalized) carbon nanotubes (NT) in the synthesis of polymer-NT composites is of current interest as a way to improve the composite mechanical properties by enhancing the load transfer between the NT and the surrounding polymer [1] . For composites made with double-walled carbon NTs (DWNT), the DWNTs have an advantage over single-walled NTs in that the outer NT of the DWNT may be cross-linked directly into the matrix, while mechanical stiffness and strength of the inner NT remains unaltered. However, nonfunctionalized multi-walled NTs may fail under axial mechanical load as the inner NTs pull out from one another with a telescopic motion [2] [3] [4] . It is assumed that the resistance to this telescopic motion may be increased in DWNT by roughening the outer NT via functionalization so that, not only does the outer NT cross-link into the composite matrix, but also the slippage of the inner NT is inhibited. One possible disadvantage of functionalizing NTs is the possibility that rehybridization will alter the structure to the extent that the NT weakens. As evidence of this, molecular dynamics (MD) simulations of individual functionalized NTs have shown that the functionalization will slightly reduce the axial stiffness of the NT [5, 6] . In polymer-NT composites, a similar effect was observed using MD and equivalent continuum modeling [7] .
In the present work, the objective is to focus on the NT-to-NT interaction and computationally predict the effect of functionalization on the axial Young's modulus and the telescopic motion of a DWNT under axial deformation. To this end, the outer NT of a DWNT was functionalized by the addition of varying amounts of n-propyl groups. The Young's moduli of these systems were computed from MD, and a description of the method is provided. In addition, MD simulations were performed of the inner NT being pulled through the functionalized outer NT under axial load, and the results were used to explore the effects of the induced surface roughness on relative motion of the NTs.
Molecular Modeling
The functionalized DWNT modeled in this work is illustrated in Figure 1 . It consisted of an outer (15, 15) NT, which has a radius of 1.02 nm, and an inner (10,10) NT of radius 0.68 nm. The outer NT was chemically functionalized with increasing numbers of n-propyl groups, as shown in Figure 1 . The DWNT contains 2200 carbon atoms, not including the additional n-propyl groups, and is 5.4 nm long. The molecular system was equilibrated at 300 K with MD using the hydrocarbon Brenner potential to represent the chemical bonding [8] . This potential is capable of including the geometrical effects of rehybridization from the addition of the n-propyl groups. In addition, a SHAKE algorithm was used to constrain the bonding within the n-propyl groups and their bond to the NT. A harmonic valence angle potential describes the angles within the n-propyl units [9] . These additional potentials were superimposed on the Brenner potential to ensure the presence of the n-propyl groups throughout the simulation. The nonbonded interactions between the NTs were represented by the Lennard-Jones potential [10] . The time step during equilibration was 0.1 fs. Unless otherwise stated, the MD simulations were carried out with DL-POLY [11] to which the Brenner hydrocarbon potential had been added. 
Young's Modulus
The axial Young's moduli (the direction parallel to the nanotube length axis) of the functionalized DWNT systems were determined using an equivalentcontinuum modeling approach [12] in which the energies of deformation of the (a) (b) (c) molecular model and an equivalent-continuum model were equated under identical axial deformations. For each MD-defined DWNT structure, the equivalent-continuum models were subsequently defined as a homogeneous, linear-elastic, solid cylinder with length and radii of 3.8 and 1.18 nm, respectively. The energies of deformation of the equivalent-continuum models were calculated using a previously derived expression [13] for a 1% axial strain while allowing a transverse Poisson contraction. The energies of deformation of the molecular models were determined using MD simulations. Initial, undeformed energies of each structure were first determined, followed by the energies of the structures after the 1% axial strain. The deformation was imposed on the model by prescribing the strain on the outer 8 Å of each end of the DWNT. The initial and deformed energies were calculated on the remaining length of the DWNT. The MD computations were performed with Tinker 3.9 [14] using the AMBER force field [9] , converting input structures equilibrated with the Brenner potential. The parameters assigned to each atom are similar to those used in a previous study [7] . Before and after deformations, the molecular structures were simulated at 298 K for 3 ps. The energy values used in the Young's moduli calculations were an average over the final 400 fs of each simulation.
Pull-through of the Inner Nanotube
To examine the effect of NT rehybridization on the slippage of the inner NT relative to the outer NT, NT pull-through was modeled with MD guided by results from previous work [15, 16] . In the current simulations, an axial load was applied to the inner NT, and its velocity and displacement were monitored as a function of time. These simulations were carried out until the inner NT had traversed at least 0.25 nm, about the length of a carbon ring. The loading rate was 0.0015 nN per 3000 steps at 0.1 fs each.
Results and Discussion

Young's Modulus
The computed Young's modulus of nine DWNT structures, with 0, 1, 4, 16, 30, 52, 70, 100, and 210 n-propyl groups added to the outer NT, are shown in Figure  2 as a function of the number (n) of functionalized groups. The size of the symbols in Figure 2 is larger than the standard error based on the average of the 400 time steps over which the Young's moduli were calculated. The percentage of carbon atoms directly bonded to n-propyl groups is included on the upper axis. Figure 2 indicates that there is a clear trend between the Young's moduli of the DWNTs and the number of functionalized groups in that as more groups are functionalized onto the outer NT, the Young's modulus decreases. Considering the nature of the force field that was used [9] and how the molecular structure at the functionalized sites was modeled [7] , this trend is most likely due to the changes of the structure and properties of the NT carbon atoms at the sites that are functionalized. When functionalized, the NT carbon atom rehybridizes from sp 2 hybridization to sp 3 , which forces the local structure of the NT to distort [7] , and causes the local covalent bonding to become more compliant [9] . The results in Figure 2 are consistent with those obtained for a NT/polyethylene composite using a similar modeling approach [7] . 
Pull-through
Rehybridization of the outer NT also affects the degree of relative sliding of the inner NT with respect to the outer NT. In Figure 3 , the velocity of the inner NT in response to the applied load and the resultant distance traveled by the inner NT are plotted as a function of time. Since there is no chemical bonding between the NTs, the effects observed in Figure 3 only result from the functionalization induced geometrical changes in the outer NT structure. In general, the average velocity of the inner NT decreases as the amount of outer NT functionalization is increased. However, the correlation between NT motion and degree of functionalization may involve more than just the number of groups attached to the outer NT. Observing the velocity data in Figure 3 The distance data in Figure 3(b) gives the following sequence from most to least displaced: 0, 1, 4, 52, 30, 16, 100, 210, 70. These sequences indicate an overall, but imperfect, correlation of functionalization with resistance to NT motion. A second aspect of NT motion is also identifiable in Figure 3(b) . In the systems with 16 or more n-propyl groups attached, the inner NT exhibits a form of stick-slip behavior as evidenced by the large increase in slope in the distance plots. In some cases, the NT may experience multiple sticking points, e.g. n = 16 or n = 210. rehybridization and shown that the axial Young's modulus of a double-walled nanotube decreases with the addition of more n-propyl groups (increased functionalization). The model also predicted that the inner nanotube showed an increased resistance to slippage relative to outer nanotube under axial load as more n-propyl groups were added to the outer nanotube. Results indicate that the effects of the geometrical changes resulting from functionalization of the outer NT may not vary directly according to the number of groups attached.
